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LIST OP SYMBOLS 
a diameter of spherical explosive charge 
b diameter of spherical specimen 
c propagation velocity of a strain pulse 
P length of crack on the surface of a spherical 
specimen 
r radial distance to a point in a spherical specimen 
v detonation or "burning velocity of explosive 
D diameter of a bar specimen 
E modulus of elasticity 
G modulus of rigidity 
N number of fragments containing part of the exterior 
surface of a spherical specimen and having a maxi­
mum dimension greater than b/lO 
P maximum pressure of explosive 
Sc ultimate compressive unit stress 
S^ ultimate tensile unit stress 
W indicates a specimen tested wet 
AD indicates a specimen tested air dry 
OD indicates a specimen tested oven dry 
a - distortion factor 
P coefficient of internal friction 
Ô density of explosive 
£ unit strain 
€e unit strain measured on the surface of a bar 
specimen 
iv 
unit strain measured in the interior of a bar 
specimen 
radial unit strain in a spherical specimen 
prediction factor for a distorted model 
nominal length of a strain pulse 
Poisson1s ratio 
an assumed variable that influences fragmentati 
by an explosion 
density of resistant material 
nominal duration of a strain pulse 
1 
I. INTRODUCTION AND SUMMARY 
A number of symposia have been held in recent years on 
the transmission of intense stress pulses in materials and the 
fracture of materials by intense stress pulses. The persons 
attending these symposia come from fields as diverse as min­
ing, geology, ordinance, explosives development, applied math­
ematics, metallurgy and physics. Interest in this subject is 
widespread and a considerable amount of research in this area 
is in progress. 
Many aspects of the behavior of materials such as rock, 
plaster and ice subjected to blast loading are not understood. 
Few data on stresses and strains close to an explosion in 
these materials are available. No mathematical relation be­
tween stresses and strains has been demonstrated to be valid 
close to an explosion. No theory has been demonstrated to 
accurately predict fracture. The properties of these materi­
als that influence their behavior under blast loading have not 
been completely determined. 
The objectives of this research were to develop tech­
niques for studying fracture of plaster by explosions in the 
laboratory, to determine whether any previously unidentified 
variables influenced fragmentation, to develop a method for 
predicting fragmentation by model techniques on a small scale, 
and to determine the nature of any previously unidentified 
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variables so that detailed experiments to study them could be 
planned. 
This investigation was begun by assuming that fragmenta­
tion of plaster by an explosion depended on certain measurable 
variables. The list of variables selected included all those 
that other investigators had suggested as important and for 
which some standard test existed. It was decided that spheri­
cal specimens with centrally located spherical explosive 
charges would be used. Test specimens and procedures for de­
termining standard properties such as modulus of elasticity 
were selected. 
The use of dimensional analysis and the theory of simili­
tude (18) made it possible to combine the variables in dimen-
sionless groups called Pi terms. This resulted in reduction 
of the number of independent variables in the problem and 
establishment of the design conditions for models to predict 
fragmentation. The design conditions obtained from the as­
sumed list of variables indicated that fragmentation should 
be similar in systems of different sizes employing the same 
explosive, the same resistant material and similar geometry. 
A series of model experiments based on the design condi­
tions mentioned above were made. A set of model specimens 
consisted of three or four plaster spheres with diameters 
ranging from 3 l/2 to 10 in. For a given set of models, the 
ratio of explosive charge diameter to specimen diameter was 
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constant. The explosive in the different-sized explosive 
charges had the same density. The explosive charges were tied 
at the center of the forms and plaster poured around them. A 
batch of plaster was mixed and the set of spherical specimens 
poured from a single batch of plaster. The sets of specimens 
were either kept saturated or oven dried to a constant weight 
so that the moisture content of the different-sized spheres 
would be the same. 
The fragmentation of different-sized model specimens was 
not similar. It was therefore concluded that the list of 
variables on which the model design was based was not adequate 
and .that some other important variable existed. Assumption of 
the existence of another variable resulted in an additional Pi 
term and an additional design condition which had not been 
satisfied. The data were then considered as data from dis­
torted models. The concept of the distorted model provided 
successful means of analyzing the data and predicting frag­
mentation. It is thought that this method is sufficiently 
promising that it should be tried for predicting fracture by 
explosions at larger scale and for other geometries such as 
cratering. 
The additional variable that influenced fragmentation 
could have been a property of the explosive, a property of the 
material that influenced transmission of stress pulses or a 
property of the material that influenced fracture of the 
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material "by a given stress pulse. If a true model for pre­
dicting fragmentation were to be designed, it would be neces­
sary to devise à test so that a numerical value for this 
additional variable could be obtained. 
The dynamic elasticity problem of a pressure suddenly 
applied to the wall of a spherical cavity in an infinite body-
has been solved (10, 21). R. Hwang and the author have solved 
this problem for a finite spherical body with a centrally lo­
cated cavity. These analytical solutions indicate that the 
duration of the strain pulse is proportional to the size of 
the cavity but that strain intensities are the same if the 
strains are measured at distances proportional to the cavity 
radii. As an example, consider two spherical cavities located 
in infinite bodies. In one system the cavity radius is 1 in. 
and radial strain is measured at a distance of 4 in. from the 
center of the cavity. In the other system the cavity radius 
is 10 in. and radial strain is measured at a distance of 40 
in. from the center of the cavity. If equal pressures are 
applied suddenly to the two cavities, the analytical solutions 
predict that the peak strains measured would be the same in 
both systems but the duration of the strain pulse would be 
ten times longer in the larger system. If fracture of a mate­
rial depends on strain rates or durations, fracture would not 
be similar in the two systems described. 
It appeared that the most direct approach to establishing 
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the nature of the additional variable would involve measure­
ment of strains in the interior of specimens during the time 
they were being fractured by explosions. If, for example, 
strains were found to agree with the analytical prediction 
discussed above but fractures were not similar, it could be 
concluded that fracture depended on strain rate or strain 
duration. It could then be concluded that the additional 
variable was a property of the resistant material. Also, it 
could be concluded that the property must be measured by a 
test involving fracture by a rapidly applied load. 
A method was devised for coating SR-4 strain gages with 
an epoxy resin so that they could be cast into the interior 
of plaster specimens. The accuracy of the gages and associ­
ated recording equipment was verified for strain intensities 
up to 1400 microinches per in., strain rates up to 65 in. per 
in. per sec and pulse durations as short as 40 microseconds. 
Records of the strains in plaster specimens during the 
time they were being fractured by explosions provided a number 
of interesting indications. Strain records obtained from ex­
periments with bars indicated that fractures caused by reflec­
tion of a strain pulse at a free end did not occur instantly 
at a certain strain as had been supposed by some investiga­
tors. In wet plaster, more plastic flow occurred than in dry 
plaster. The time required to form a fracture was greater for 
wet plaster than for dry plaster. 
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In instrumented model experiments it was found that peak 
strain intensity decreased as specimen size increased. At the 
same time, fragmentation and strain pulse duration increased 
as specimen size increased. 
It was concluded that fragmentation could be predicted 
by using the concept of the distorted model. In order to 
design a true model it appeared necessary to develop a test 
for evaluating some variable that had not previously been 
identified. The data from instrumented experiments provided 
a strong indication that an unidentified property of plaster 
existed which influenced fracture of plaster by explosions. 
It is thought that the instrumentation techniques developed 
will provide a valuable tool for thé continuing study of 
fracture of materials by explosions. 
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II. DEVELOPMENT OP TECHNIQUES 
A. Resistant Materials, 
The making of resistant materials with desired properties 
was an important part of the technique necessary for small 
scale explosion experiments. Resistant materials were desired 
that would have properties closely approximating those of rock, 
ice and permafrost. 
Gypsum plasters were chosen as the most convenient mate­
rials with which to begin experimentation. The experiments 
performed to date have employed gypsum plasters and plaster-
aggregate mixtures as the resistant material. The plasters 
were mixed by hand in a plastic container. A container about 
12 in. in diameter by 5 in. deep was used for some of the 
smaller batches. For larger batches, a container about 12 in. 
in diameter by 18 in. deep was used. The plaster was placed 
in the container and the water poured on top of the plaster. 
When retarder was used, it was dissolved in the mixing water 
before the water was added to the plaster. A commercial 
detergent sold under the trade name "Dash" was used as the 
retarder. 
The plaster was mixed carefully by hand. Use of the 
retarder sometimes caused a foam to form on top of the mix­
ture. In most cases a minimum air content was desired and the 
foam was skimmed off as it formed. If desired, however, the 
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foam could "be mixed in, resulting in well distributed voids. 
In some batches sand aggregate was used. Only one size sand, 
passing a No. 30 sieve and retained on a No. 50 sieve, was 
used. Three kinds of plaster were used. U.S. Gypsum indus­
trial molding plaster was used in mixtures with 0.55 lb water 
per lb plaster or more. U.S. Gypsum Hydrocal B-ll was used in 
mixtures with 0.45 to 0.50 lb water per lb plaster. U.S. 
Gypsum Hydrostone was used in mixtures with 0.33 lb water per 
lb plaster or less. 
Test specimens were cast with most batches so that ten­
sile strength, compressive strength, modulus of elasticity, 
modulus of rigidity and density could be measured. A few 
stress-strain curves were taken using 3-in. diameter by 6-in. 
long cylinder specimens. Values of properties reported in 
Table 1 were measured in the following manner. Tensile 
strength was determined from briquets cast in molds conforming 
to ASTM Designation 0 190-58 (l). The testing machine used 
conformed to ASTM Designation 0 190-58 except that the loading 
rate was 764 lb per min instead of 600 lb per min. Compres­
sive strength was determined from 2-in. cubes cast in molds 
conforming to ASTM Designation C 109-44 (1). Modulus of elas­
ticity and modulus of rigidity were determined by measuring 
the longitudinal and torsional resonant frequencies of a 2.0-
in. diameter by 18.0-in. long cylindrical specimen by a method 
conforming to ASTM Designation C 215-58 T (2). 
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Table 1. Batch proportions and properties8. 
Test • • Water Sand Retarder Batch Mi 
Batch condition Plaster Plaster Plaster Plaster yield ti 
lb lb/lb lb/lb g/lb cu in. mi 
1 W 
AD 
22.0 0.55 0.00 0.50 665 
2 W 
AD 
22.0 0.75 0.00 0.75 665 ] 
3 W 
AD 
11.7 0.71 2.00 0.75 600 
5 W 
AD 
31.0 0.50 0.00 0.00 700 ] 
6 W 
AD 
37.0 0.27 0.00 0.14 ] 
8-1 W 22.7 0.75 0.00 0.00 518 
8-3 OD 41.0 0.50 0.00 0.35 872 
8-4 OD 33.0 0.50 0.00 0.35 660 
8-5 OD 41.0 0.30 0.00 0.25 660 
8-6 OD 24.0 0.72 0.00 0.71 660 
8-7 ÏÏ 26.0 0.33 0.91 0.39 660 
8-8 W 14.0 0.72 2.00 1.00 660 
8-9 W- 33.0 0.50 0.00 0.35 660 
8-10 • ÏÏ 14.0 0.76 2.00 1.00 660 
8-16 w 35.0 0.45 0.00 0.20 660 
8-17 OD 35.0 0.45 0.00 0.23 660 
8-25 w 40.0 0.35 0.00 0.25 
= modulus of elasticity 
G = modulus of rigidity 
M. = Poisson1 s ratio 
P ~ density — 
= tensile strength from briquet test 
Sc = compressive strength from 2-in. cube test 
Nf indicates specimens saturated 
AD indicates specimens air dry 
OD indicates specimens oven dried 
I—i ]—i |—' t—1 I—1 I—1 H OO4>-<It»vDOUlU)(»v0Ui U) VjJ vQ O <1 
H H H O H H Z V O M O H O M i V l — ' H H H O O H  H  
O O O O O O H O H O O O H H O O O O O O O O  
00vi0zv)00<10?0000ui000<!?vvn4^-<î4^ 
o o o o o o o o o o o o o o o o o o o o o  o  
§igâg§gg^gl§ssgslgÊ§s 
H H H H H H H O H H H H H H H H H H H H H H  
llH§i§3fgii§§§S§ieHS 
H H H H M O Vt vji OTOW^ HHuih-1 toOavD-î^-ZVZvJ+^ViVoCf^"^ H^-WWW-JOf-W w 
* * *  .  * * * * * * *  • • • • • *  •  .  •  *  _ *  CJNVÛ <J1 W CQ -F- -t>- M M o vOjVOVlHj^OVt-a M 
VJJ H H V) H 0» M M <2 M H H 
syt5ss5g$ss86ë$^5gqsy3s OinU)C»ViO0»OOOVtOV)U>OH-3U>O--3<2 
Vjj I—I t-i JO -F- Vo H <D ZV H H H OM-Î^-I—,-Px-~-JViHV3 CO- ^ W H OU)VO O M O H o vû OJ (>Ui <» vO (>W vji-JmH^ OMCaO-O 
•  • •  • • " • • •  V) 0» Vt V) O O TV <1 
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Table 1 (Continued). 
Test , Water Sand Retarder Batch Mi: 
Batch condition Plaster Plaster Plaster Plaster yield ti 
lb lb/lb lb/lb g/lb cu in. mi 
M-l W 44.0 0.45 0.00 0.35 864 
M-2 W 44.0 0.45 0.00 0.35 864 
M-3 w 19.1 0.76 2.00 1.00 864 
M-4 w ' : 19.1 0.76 2.00 1.00 864 
M-5 w 19.1 . 0.76 2.00 1.00 864 
M-6 w 19.1 0.76 2.00 1.00 864 
Ici—7 w 19.1 0.79 2.00 1.00 864 
M-8 w 19.1 0.76 2.00 1.00 864 
M-9 w 44.0 0.45 0.00 0.35 864 
M-10 w 46.0 0.45 0.00 0.35 864 
M-ll w 19.1 0.76 2.00 1.00 864 
IvL—12 w 19.1 0.76 2.00 1.00 864 
M-13 OD 46.0 0.50 0.00 0.23 864 
M-U OD 45.0 0.45 0.00 0.35 
M-16 OD 49.0 0.35 0.00 0.25 
M-17 OD 49.0 0.35 0.00 0.25 
M-18 . OD 49.0 0.35 0.00 0.25 
H-l W 56.3 0.33 0.00 0.29 864 
H-2 w 56.3 0.33 0.00 0.25 864 
Mix 
time 
min 
8 
8 
8 
8 
8 
8 
7 
7 
8 
8 
6 
7 
10 
8 
12 
12 
11 
12 
12 
E G JUL p Std. Std. 
io6 
psi 
io6 
psi 
IO™4 
lb-sec^ 
in.4 
St 
psi 
dev. 
of St 
psi 
Sc 
psi 
dev. 
of S,, 
psi 
1.225 0,560 0.120 1.560 226 16.5 1785 176 
1.173 0.493 0.190 1.510 206 16.0 1540 149 
0.988 0.453 0.090 1.715 64 4.5 478 42.0 
0.903 0.412 0.095 1.680 62 2.5 388 27.8 
58 5.5 
0.955 0.442 0.081 1.650 69 2.5 516 40.0 
0.980 0.440 0.110 1.650 68 5.5 490 26.0 
0.985 0.450 0.093 1.650 71 4«4 477 38.8 
1.357 0.595 0.140 1.610 242 25.3 1993 187 
1.100 0.466 0.180 1.440 222 10.6 1562 155 
0.982 0.452 0.087 1.660 66 5.2 473 41.0 
1.020 0.460 0.110 1.650 72 4.4 485 22.2 
0.935 0.354 0.320 1.183 262 54.8 
1.260 1.290 375 29.8 
1.920 0.820 0.16 1.470 712 50.0 
1.920 0.810 0.18 1.460 609 30.8 
1.980 0.810 0.22 1.470 594 31.6 
2.180 0.879 0.250 1.740 371 15.4 4150 298 
2.170 0.860 0.260 1.710 384 16.3 3820 583 
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lest specimens were removed from their forms as soon as 
they had adequate strength for handling and were stored with 
the spherical specimens. In most cases the specimens were 
kept in a room at 100 per cent humidity for at least 24 hr. 
Table 1 shows values of properties for all batches in 
which test specimens were made. It was found that the repro­
ducibility of data was much better for specimens tested wet 
than for specimens tested dry. The addition of the sand 
aggregate lowered tensile strengths considerably but had much 
less effect on compressive strength. Tensile strengths, mod­
uli of elasticity and compressive strengths are shown graphi­
cally in Fig. 1, Fig. 2 and Fig. 3. 
An important assumption in the model experiments described 
in part III was that the properties of the resistant material 
had the same values in different sized specimens. Gonnerman 
(11) performed an extensive series of tests to study the in­
fluence of specimen, size on compressive strength of concrete 
cylinders two diameters in length. His experiments involved 
1188 specimens and eight specimen diameters ranging from 1 l/2 
to 10 in. The specimens were cured in a moist room and tested 
wet. Gonnerman calculated the average strength for each spec­
imen size in per cent of the average strength for 6-in. diame­
ter specimens and fitted a curve to the data. The curve for 
over-all results varied smoothly from 102 per cent for the 
1 1/2-in. diameter specimens to 94 per cent for the 8-in. 
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diameter specimens and 92 per cent for the 10-in. diameter 
specimens. For certain types of aggregate the curve varied 
only 2 per cent for the entire range of sizes. Thaulow (24) 
reported that specimen size had little influence on results 
obtained from the tensile splitting test for concrete cylinders. 
Two sets of tensile splitting tests were made to further 
check this assumption. The specimens were circular cylinders 
with length equal to diameter. One set consisted of 21 speci­
mens varying in diameter from 2 to 6 in. These specimens were 
made of Hydro cal B-ll, with a water to plaster ratio of 0.45 
by weight and were tested at 100 per cent moisture. As the 
specimen diameter increased from 2 to 6 in. the average ten­
sile splitting strength decreased by 3 per cent. The other 
set consisted of 12 specimens varying in diameter from 2 1/4 
to 6 in. These specimens were made of Hydrostone with a water 
to plaster ratio of 0.30 by weight. As specimen diameter in­
creased from 2 l/4 to 6 in. the average tensile splitting 
strength decreased by 7 per cent. The variation in tensile 
splitting strength was small compared to the variations in 
fragmentation observed in model experiments. 
B. Explosive Charges 
Black powder explosive charges were made by loading black 
powder into thin-walled spherical glass containers. They were 
made with nominal diameters of 0.354 in., 0.500 in., 0.707 in. 
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and 1.00 in. and contained 0.354 g, 1.00 g, 2.83 g and 8.00 g 
of powler, respectively. Most of the containers were hand 
blown from 6-mm diameter glass tubing. Some of the 1.00-in. 
diameter containers were glass Christmas tree ornaments. These 
ornaments were more uniform in size and shape than the hand 
blown glass, containers, but could be obtained in only one size. 
The wall thickness of the containers was 0.002 to 0.003 in. 
Fuses were made by soldering a small resistance wire be­
tween the two conductors of a piece of Belden 8739 cable. The 
resistance wire had a resistance of 56 ohms per ft and a diam­
eter of 0.004 in. After loading the desired weight of powder 
into the glass shell, the fuse was inserted so that the re­
sistance wire was at the center of the glass container. The 
fuse was then glued into the glass container with an epoxy 
cement. Figure 4 (a) shows a glass container and fuse. 
Figure 4 (b) shows completed explosive charges. 
In black powder charges the weight of powder was pre­
cisely proportional to the cube root of nominal charge diame­
ter. Since the larger containers tended to be slightly over­
size and the smaller containers slightly undersize, the 
density tended to decrease as charge size increased. Meyer 
(17) stated that the peak pressure produced by black powder 
increased slightly faster than in direct proportion to den­
sity. Therefore, it was thought that the peak pressure of the 
larger charges was slightly lower than that of the smaller 
Fig. 4. Photographs of black powder explosive 
charges 
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charges. 
PETN explosive charges were made by loading granular PETN 
into thin-walled spherical glass containers. Nominal diame­
ters of the glass containers were 10.0 mm, 14.1 mm and 20.0 
mm. Nominal charge weights were 0.50 g, 1.4l g and 4.00 g, 
respectively. All of the glass containers were hand blown 
from 6-mm diameter tubing. 
The PETN charges were detonated by a fuse made of duPont 
type A-l mild detonating fuse (MDF). Type A-l MDF consisted 
of a lead tube with an outside diameter of 0.04 in. and a core 
of one grain of PETIT per ft. The MDP fuse was first glued 
inside a 1/8-in. outside diameter copper tube to protect it 
during casting of the specimens and subsequent handling. The 
copper tube containing the fuse was then glued into the glass 
container. 
Cook (5) has given the detonation pressure of PETN as 
85,000 atmospheres at a density of 1.0 g per cu cm and 225,000 
atmospheres at a density of 1.6 g per cu cm. Since the de­
tonation pressure of PETN was very sensitive to loading 
density, the density of the charges was made as uniform as 
possible. The actual weight of explosive thus varied from 
the nominal value in some of the charges. A set of charges 
to be used in a given set of model experiments was selected 
so that, as nearly as possible, charge weights were propor­
tional to the cube root of nominal charge diameters. 
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Strain measurements from the instrumented model experi­
ments described in a later section showed that strain inten­
sity decreased as specimen size increased. This indicated 
that the larger charges developed lower peak pressures than 
the smaller charges. It was believed that this variation in 
pressure developed was due to variation in loading density. 
0. Strain Measurements 
1. Introduction 
Knowledge of strains and strain rates in the interior of 
a body during the process of fracture by an explosion is of 
help in understanding fracture phenomena. A strain measuring 
device was desired that would be low in cost, capable of being 
cast into bodies of materials such as plaster and ice, and 
capable of accurate measurements of short duration strain 
pulses. It is believed that these objectives were met. 
2. Review of literature on strain measurement 
The following paragraphs are brief summaries of some of 
the papers in the literature that were of particular interest. 
Murphy et al. (19) pointed out that the duration of the 
signal from an SR-4 gage was equal to the duration of the 
actual strain pulse plus the gage length multiplied by the 
propagation velocity, and developed expressions relating gage 
output to the actual strain pulse. 
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Cunningham and Goldsmith (6) performed experiments in 
which SE-4 gages were attached to a slender bar which was 
impacted on one end by a steel ball. Signals from the SR-4 
gages were compared to signals from a quartz crystal sand­
wiched into the bar and to the change of momentum of the bar 
and ball. The pulses were about 25 microseconds in duration, 
which corresponds to about 5 in. in steel. Excellent agree­
ment of pulse shapes from SR-4 gages and quartz crystals was 
reported for all gages of gage length less than l/2 in. Ex­
cellent agreement of impulse measured by the gage and change 
of momentum of the steel ball was reported when using a steel 
bar, but an 8 per cent variation when using an aluminum bar. 
These investigators concluded that the manufacturer's gage 
calibration could be used for rise times greater than ten 
microseconds. A harmonic analysis of the pulses showed the 
fifth harmonic to be the highest with appreciable effect. 
Vigness (26) reported that "C" type SR-4 gages exhibited 
distortion due to magnetostrictive effects, but that "A" type 
gages did not show this effect. 
Barton and Volterra (4) presented results of impacts of 
short and long steel bars involving strain pulse durations 
from 90 to 800 microseconds. Change of momentum checked 
within 5 per cent with impulse measured by SR-4 gages in all 
tests. 
Graham and Ripperger (12) compared signals from SR-4 
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gages with signals from a quartz crystal sandwiched in an 
aluminum bar. Type CD-7 gages having a l/4-in. gage length 
were used. Neither the crystal nor the SR-4 gages were cali­
brated, but the shape of the signals agreed well for pulse 
durations less then ten microseconds with rise times of about 
five microseconds. 
Techniques for waterproofing a gage cemented to a metal 
plate have been established (22, 27). Valore (25) developed 
a method for encasing gages in a brass foil envelope. 
Loh (16) studied strain increment factors for cylindrical 
gages cast into materials. He concluded that a strain gage 
should have a large length to radius ratio and an equivalent 
modulus of elasticity slightly lower than the modulus of the 
material in which it was embedded. Equations and a chart for 
finding strain increment factors for cylindrical gages were 
given. 
Several investigators have studied pulse propagation in 
metal bars (6, 7, 12, 23). They agreed that pulses traveled 
at a velocity equal to the square root of modulus of elastic­
ity divided by density, and that the shortest pulse that could 
be transmitted without distortion or dispersion was about 
eight bar diameters long. Graham and Ripperger (12) concluded 
that any pulse that could be transmitted without dispersion 
had an average strain nearly equal to the surface strain and 
could be measured at the. surface. 
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Lindsay et al. (15) performed experiments using crystal 
gages placed near an explosion in rock salt. These gages pro­
duced a signal which depended primarily on the stress in their 
direction of orientation, but was also influenced by stress in 
a plane perpendicular to their direction of orientation. 
Obert and Duvall (20) developed a strain gage which was 
cemented into a diamond core drill hole and used to record 
strain pulses from explosions. In this design, a diamond 
drill core was obtained from the rock in which the gage was to" 
be used. A metal shield was cemented to the drill core, and 
the gage was cemented into the metal shield. The assembly was 
then grouted into the drill hole from which the core was taken. 
Interesting data have been obtained from these gages. 
Rough calculations based on the work of Loh (16) indi­
cated that Valore type gages would not produce satisfactory 
dynamic strain measurements in a material such as plaster be­
cause of the stiffness of the brass foil envelope. The 
crystal gages developed by Lindsay (15) and the resistance 
gages developed by Obert and Duvall (20) were both large 
enough that they could not be used to measure the short dura­
tion pulses expected in laboratory experiments. 
A study of the work of these investigators, however, led 
to the conclusion that resistance wire strain gages were capa­
ble of measuring rapidly changing strains. It remained to 
solve several practical problems in order to adapt resistance 
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wire strain gages to the desired purpose. 
3. Development of gages 
From an examination of the theoretical and experimental 
work described above, it was possible to establish general 
specifications for a gage that could be cast into blocks of 
plaster and used to measure dynamic strains. 
(a) The gage had to have resistance to ground that was 
fairly high, that is, approximately 20 megohms. 
(b) It had to be waterproofed so that this resistance 
was maintained after several days immersion in 
water. 
(c) The gage length had to be about one-tenth of the 
length of the strain pulses to be measured. In 
some cases this required a gage length as short as 
1/8 in. 
(d) The modulus of elasticity of the completed gage had 
to be about 1 x 10^ psi. 
(e) The gage had to be as thin as possible. 
(f) Since these gages generally would not be recovered 
for re-use, the cost of the gages had to be low. 
(g) A method of testing the performance of the gages 
had to be devised. 
A number of methods of attaching leads to the gage and 
water proofing were tried. Waterproofing proved to be the 
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most difficult problem. 
The plastic coating material chosen was Acme Mixture No. 
4027 made by the Acme Wire Co., New Haven, Connecticut. It 
was a special epoxy resin that had a low moisture absorption 
and high electrical resistance. The Acme 4027 mixture was 
mixed according to directions. An SR-4 wrap-around grid gage 
without felt cover (such as an A-l4 or A-8 type) was dipped in 
the resin and placed in a thermostatically controlled oven at 
110 C. Figure 5 (a) shows A-14 gages as obtained from the 
manufacturer. Figure 5 (b) shows the gages with the initial 
coat of resin. The paper around the gage wire absorbed the 
resin and held it until the resin cured. After the resin 
cured, the strength and heat resistance of the gage were 
greatly increased and the lead wire could be soldered to the 
gage. 
When gages were used in a nonconducting material such as 
dry plaster, a single conductor shielded lead wire was used. 
Belden 8431, a single conductor cable, was used on a number of 
gages. When gages were used in a conducting material, such as 
plaster that was not completely dry, a two conductor shielded 
wire had to be used. Belden 8429 cable was used on all gages 
that were used in conductive materials. A-l4 gages soldered 
to Belden 8431 lead wires are shown in Fig. 5 (c). 
Additional coats of the Acme 4027 resin would not adhere 
to the gage and lead wires until the viscosity had increased 
Pig. 5. Stages in coating of gages 
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somewhat. The waiting period varied with the age of the com­
ponents. When the resin was first received from the manufac­
turer, the waiting period was about 12 hr. When the resin 
components had been stored for six months, the waiting period 
decreased to 2 or 3 hr. 
After the viscosity of the resin had increased to the 
proper degree, the gages and exposed lead wires were dipped in 
the resin and hung in the oven at 110 C. Most of the resin 
dripped off of the gages, but a thin layer remained and was 
baked on. Succeeding coats were applied at intervals of 2 hr 
until five coats had been applied. After the last coat had 
set, the coated gages were post cured for 18 hr at 120 0. 
Coated gages are shown in Fig. 5 (d). After the post cure was 
completed, the gages were given a coating of silver paint to 
shield them completely from electrical radiation. 
Two ways of attaching the gage lead wires are shown in 
Fig. 5. The manner of attaching the leads was chosen to mini­
mize the reflection and interference caused by the lead wires. 
The completed gages averaged about 0.025 in. in thickness 
at the grid wire. Thickness of 0.030 in. at the grid wire and 
0.090 in. at the lead wire were arbitrarily selected as the 
maximum acceptable values. 
28 
4. Synchronization and recording equipment 
When strains were to be measured at a distance of approx­
imately 1 in. from an explosion, it was necessary that the 
sweep on the oscilloscope start no later than five microsec­
onds after the start of the strain pulse. Since it was de­
sired to record strains for about 100 microseconds after the 
detonation it was desirable that the sweep start no sooner 
than 100 microseconds before the detonation occurred. The 
recording and amplifying equipment available for these experi­
ments did not have a single sweep circuit that triggered on 
the incoming signal. A circuit of this type was constructed, 
but it did not prove to be very reliable. The amplifiers used 
had a certain amount of internal random noise. This noise 
could be identified on strain records, and its amplitude and 
duration were small enough to be of little concern. The in­
ternal noise was, however, of sufficient amplitude to trigger 
the sweep, which could cause loss of all the time and effort 
spent in preparing a specimen. In addition, the amplifiers 
tended to drift and it was impossible to be sure of the loca­
tion of the base lines. Another problem was that explosions 
were known to generate electrical fields which might have been 
picked up by the gages, and could not have been differentiated 
from strain signals. 
A simple synchronization circuit for use with blasting 
caps was devised which proved to be reliable. This circuit is 
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shown in Pig. 6. With this circuit the oscilloscope sweep 
started about 20 microseconds after the cap detonated. If the 
recording gage was more than three inches from the cap or if 
a length of mild detonating fuse was used to convey the de­
tonation from the cap to an explosive charge inside the speci­
men, the sweep started before the strain pulse arrived at the 
gage. Used in this fashion, the synchronization circuit had 
the advantage of showing the base line before arrival of the 
pulse so that uncertainty about drift was eliminated. Any 
pickup of electrical fields generated by the explosion could 
be easily detected. This method of synchronization had the 
disadvantage, however, that if the blasting cap leg wires 
contacted a conducting material after detonation, the sweep 
triggered more than one time. Multiple sweeps were avoided 
by placing the blasting cap in a steel container lined with 
rubber. 
A number of experiments were performed in which a plaster 
bar was impacted by a steel ball. Strains were measured in 
the interior of the bar and compared to strains measured on 
the surface by gages installed in the conventional manner. 
The synchronization circuit used in these experiments is shown 
in Pig. 7-
An Electron Tube Corporation H-42 Strainalyser with a 
Polaroid camera was used as a recording device in these exper­
iments. The H-42 is a four-channel oscilloscope with built in 
First Tube 
(12 A U 7) C Oi Power 
Supply 
sw 
20,000/1 0.1 M F 
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4X1 2M 3900H 
sw 
Hercules 
No. 6 Cap 
External 
Synchronization 
Circuit 
•Oscil loscope 
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Pig. 6. Synchronization circuit for use with Hercules No. 6 blasting cap 
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Pig. 7. Synchronization circuit for ball impacts 
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bridge and calibration circuits for use with resistance strain 
gages. The calibration circuits were checked by unbalancing 
an external bridge with a known resistance. All calibration 
circuits were correct within about 1 per cent. The resistance 
of the resistor used in checking calibration circuits was 
determined by an Electro Measurements Inc. Model 250 DA imped­
ance bridge. Frequency response curves were plotted for am­
plifiers using a Hewlett-Packard Model 2020 oscillator and a 
Hewlett-Packard Model 400D voltmeter. Gain on all amplifiers 
was found to be uniform from DC to 50,000 cps, dropping 
smoothly to 80 per cent gain at 100,000 cps. 
The impulse-momentum experiments described later required 
precise determination of times. It was found that the sweep 
speed of the oscilloscope used was not constant as the dots 
moved across the screen, although the dots could be kept in 
reasonably good alignment. Consequently, a sine wave was 
input on one channel of the four channel oscilloscope and all 
time calibrations were taken from the sine wave in the immedi­
ate vicinity of the part of the strain record being examined. 
The sine wave was generated by a Hewlett-Packard Model 2020 
oscillator which was in turn calibrated with a Nuclear-Chicago 
Model 192A Ultrascaler. 
The photographs of strain records were measured with a 
Gaertner Scientific Corp. microscope, Serial No. 751» which 
had two independent motions and read directly to 0.01 mm. 
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5. Testing performance of gages 
The number of gages tested for moisture resistance was 
not great enough to allow accurate predictions of per cent of 
gages surviving after a certain period of immersion. The 
moisture resistance, however, appeared to be adequate for the 
purpose intended. The gages were submerged in a saturated 
solution of an electrolyte such as sodium chloride and the 
resistance to ground recorded at frequent intervals. Failure 
was arbitrarily assigned as a resistance to ground less than 
20 megohms. The test described was believed to be considera­
bly more severe than the actual conditions of usage. Results 
of moisture tests are presented in Table 2. 
Two specimens were prepared for comparing static load-
strain curves measured by a compressometer with dial indicator 
and an SR-4 gage cast into the center of the specimen. The 
first specimen prepared was made of molding plaster with 0.70 
lb water per 1.00 lb plaster. The specimen was 2.00 in. in 
diameter and 6.0 in. long and was dried in an oven before 
testing. Figure 8 shows the load-strain curve obtained from 
this specimen. The second specimen was made of Hydro cal B-ll, 
with 0.45 lb water per 1.00 lb plaster. This specimen was 
2.00 in. in diameter and 6.2 in. long. It was tested after a 
24 hr cure at 100 per cent humidity. Figure 9 shows a load-
strain curve obtained from this specimen. These curves show 
good agreement for increasing strains. The dial indicator was 
34 
Table 2. Results of moisture resistance tests 
Gage type Batch Resin 
coats 
Electrolyte 
Time 
of 
failure 
AB-14 1 7 Calcium 
sulfate 
Discontinued 
at 7 days 
AB-14 2 6 Sodium 
chloride 
Discontinued 
at 2 days 
AB-14 3 4 Sodium 
chloride 
4 days 
AB-14 5 5 Calcium 
sulfate 
19 days 
A-14 6 5 Calcium 
sulfate 
10 days 
A-14 6 5 Calcium 
sulfate 
Discontinued 
at 50 days 
A-14 6 5 Calcium 
sulfate 
Discontinued 
at 50 days 
erratic on unloading and no comparison for unloading was 
obtained. 
A large amount of work had been done on strain wave 
propagation in elastic bars (6, 7» 12, 23) and the conditions 
under which strain is nearly uniform across the cross-section 
of the bar seem to be well established. If the length of a 
pulse is greater than eight bar diameters it will be trans­
mitted without distortion and the strains will be virtually 
uniform across the cross-section of the bar. Davies (7) 
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Specimen: 2.0 in. Dia. 6.0 in.Long Cylinder 
Cast from 1.00 1b Molding 
Plaster and 0.7 01b Water. 
Dried in Oven. 
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8-
^ 6 
o 
o 
~o 
a 
° 4 
SR-4 Gage: Batch 2, 6 Coats Acme 
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Fig. 8. Oomparlson of load-strain curves 
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Specimen: 2.0 in. Dia., 6.2 in.Long Cylinder. 
Cast from 1.00 lb Hydrocal B-11 
and 0.45lb Water. Cured at 
100°/o Humidity for 24 Hours 
and Tested Wet. 
1Q-j- SR-4 Gage: Batch 3 ;  4 Coats Acme 4027 
Resin. 
Compressometer: Gage Length 4.00 in. 
Dial Least Count -
0.0001 in. o 
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0 100 
Strain (10 in./in.) 
200 
Pig. 9. Comparison of load-strain curves 
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reported the results of calculations based on an analytical 
solution given by Chree. More recently, some of the same 
information has been reproduced by Graham and Ripperger (12). 
These calculations showed that if the wave length was 2.56 bar 
diameters (corresponding to a pulse length of 1.28 bar diame­
ters) the ratio of internal strain to external strain was 
about 1.3. 
A number of experiments were made so that strains meas­
ured by gages cast into plaster bars could be compared to 
strains measured by gages mounted on the surface of the bars 
in the conventional manner. The data from these experiments 
are presented in Table 3. One of the specimens used is shown 
in Pig. 10. 
Bar No. 1 contained a gage of an early design. It was 
not as accurate as the gages used in bar Ko. 2 and bar No. 3. 
The gage design described previously was that used in bar No. 
2 and bar No. 3, and all subsequent gages were made according 
to that design. 
Typical plots showing a comparison of strain records from 
internal and external gages are shown in Pig. 11 and Pig. 12. 
Typical original strain records are shown in Pig. 13. The 
ratio of internal to external strain was plotted against ratio 
of pulse length to bar diameter in Pig. 14. 
The experimental work done by Graham and Ripperger (12) 
indicated that the strains were uniform across the cross-
Table 3. Data for comparison of internal strain measurements to external strain 
measurements3. 
Exper­
iment 
Bar-
No. 
fi 
io™6 
in./in. 
£e 
IO"6 
in./in. 
€ e  
A 
in. 
D 
in. 
3 
sec 
0 
10 6 
in./sec 
10-4 
lb-sec 
4 
in. 
E 
10 6 
psi 
1-1 1 39 43 0.90 16.4 1.63 10.1 180 0.0912 1.245 1.035 
1-2 1 33 39 0.85 16.4 1.63 10.1 180 0.0912 1.245 1.035 
1-3 1 48 55 0.88 17.6 1.63 10.8 193 0.0912 1.245 1.035 
1-4 1 42 54 0.77 17.6 1.63 10.8 193 0.0912 1.245 1.035 
1-5 1 54 66 0.83 12.3 1.63 7.5 135 0.0912 1.245 1.035 
1-6 1 66 76 0.87 12.3 1.63 7.5 135 0.0912 1.245 1.035 
1-7 2 56 60 0.93 9.5 1.48 6.4 109 0.0877 1.196 0.912 
1-8 2 57 63 0.90 9.5 1.48 6.4 109 0.0877 1.196 0.912 
1-9 2 110 109 1.01 12.6 1.48 8.5 144 0.0877 1.196 0.912 
1-10 2 81 81 1.00 12.6 1.48 8.5 144 0.0877 1.196 0.912 
1-11 2 73 76 0.96 12.6 1.48 8.5 144 0.0877 1.196 0.912 
a
€ ^ = maximum strain from internal gage 
£ e = maximum strain from external gage 
X = pulse length 
D = bar diameter 
T = pulse duration 
0 = propagation velocity 
P = density 
E = modulus of elasticity 
^bar Wo. 1 made of Hydrocal B-11 
bar No. 2 made of molding plaster 
bar No. 3 made of Hydrostone 
bar No. 4 made of Hydrostone 
Table 3 (Continued). 
Exper­
iment 
Bar, 
No. 
€i 
10 "6 
in./in. 
6e 
10"6 
in./in. €e 
X 
in. 
D 
in. 
à 
D 
T 
10 "6 
sec 
0 
10 6 
in./sec 
10-4 
lb-sec* 
in.4 
E 
106 
psi 
1-12 3 64 63 1.02 18.0 1.48 12.2 144 0.1201 1.673 2.410 
1-13 3 65 66 0.99 18.0 1.48 12.2 144 0.1201 1.673 2.410 
1-14 3 52 53 0.97 18.0 1.48 12.2 144 0.1201 1.673 2.410 
1-15 3 45 45 1.00 11.2 1.48 7.6 89 0.1201 1.673 2.410 
1-16 3 54 54 1.00 11.4 1.48 7-7 91 0.1201 1.673 2.410 
1-17 3 46 46 1.00 12.8 1.48 8.6 102 0.1201 1.673 2.410 
I-M-1 1 630 4.3 1.63 2.88 47 0.912 1.245 1.035 
I-M-2 3 417 352 1.18 5.0 1.48 3.38 40 0.1201 1.673 2.410 
I-M-3 3 376 345 1.09 6.0 1.48 4.07 48 0.1201 1.673 2.410 
I-M-4 3 1000 8 48 1.18 5.8 1.48 3.89 46 0.1201 1.673 2.410 
I-M-5 2 491 497 0.99 4.7 1.48 3.20 54 0.0877 1.196 0.912 
I-M-6 2 803 748 1.07 4.6 1.48 3.08 52 0.0877 1.196 0.912 
I-M-7 2 234 239 0.98 8.2 1.48 5.56 94 0.0877 1.196 0.912 
I -M-8 3 1249 1075 1.16 5.5 1.48 3.72 44 0.1201 1.673 2.410 
I-M-9 4 1442 9.7 0.625 15.50 78 0.1241 1.74- 2.470 
Fig. 10. Bar No. 2 used in impact and impulse 
momentum experiments 
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Pig. il. Comparison of strain records from internal 
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Fig. 12. Oomparison of strain records from internal and external gages 
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section of the bar for pulses of length greater than eight bar 
diameters. For this situation, the ratio of internal gage 
strain to external gage strain had an average value of 0.85 
for bar Ho. 1, 0.96 for bar No. 2 and 1.00 for bar No. 3. 
The properties (density, propagation velocity, etc.) of 
bar No. 1 were intermediate between those of bar No. 2 and bar 
No. 3. Thus, it was concluded that the gage design used in 
bar No. 1 was inferior and its use was discontinued. 
A comparison of the properties of the material in the 
bars and Acme 4027 resin is shown in Table 4. 
Table 4. Comparison of properties of plasters and coating 
. resin 
Density Propagation Modulus of Acoustic 
Material 10""^ velocity elasticity impedance 
lb-sec2 106 106 lb-sec 
in. in./sec psi in.3 
Bar No. 1 
1.00 lb Hydrocal 
B-ll to 
0.50 lb water 
Bar No. 2 
1.00 lb molding 
plaster to 
0.55 lb water 
Bar No. 3 
1.00 lb Hydrostone 
to 0.30 lb water 
Acme 
4027 
1.245 0.0912 
(Pulse 
test) 
1.196 0.0877 
(Pulse 
test) 
1.637 0.1201 
(Pulse 
test) 
1.4l 0.0758 
(computed) 
11.38 
10.48 
19.6 
10.7 
(static test) 
1.035 
(computed) 
0.912 
(computed) 
2.41 
(computed) 
0.81 
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The value of modulus of elasticity for Acme 4027 resin 
was obtained from a static test. A larger value might have 
been obtained from a dynamic test. The values of propagation 
velocity and acoustic impedance given in Table 4 for Acme 4027 
may therefore be low. 
The analytical work of Loh (16) indicated that a strain 
gage should have a stiffness somewhat lower than that of the 
material in which it was embedded. Ko1sky (l4) showed that 
the factor controlling reflection of a strain disturbance at 
a boundary is the acoustic impedance, which is equal to densi­
ty multiplied by propagation velocity. It was concluded from 
these considerations that the errors in measuring strains in 
the molding plaster bar were mainly due to the relatively low 
density and stiffness of molding plaster. 
The calculations by Davies (7) from the analytical solu­
tion of Chree, while they did not apply exactly to this case, 
indicated that the ratio of internal strain to external strain 
was about 1.3 for a pulse length of 1.28 bar diameters. It is 
seen in Pig. l4 that a smooth curve may be drawn through the 
theoretical point and the experimental points for bar 3. 
As an additional check, several experiments were per­
formed in which part of the impulse applied to the bar was 
trapped in an end piece and the momentum of the end piece 
compared to the net impulse calculated from strain gage rec­
ords. Impulse-momentum data were taken in experiments desig-
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natéd. I-M-1 to I-M-9. For these experiments a section about 
3 in. long was cut from the end of each of the bars. The 
surfaces were ground flat and the end piece was attached to 
the bar by a thin film of grease. Two different types of 
grease were used in the experiments. One type of grease, 
which will be referred to as type 1, was identified as "Grease 
Automotive and Artillery MIL-G-10924(ORD)AM2". The other 
grease, which will be referred to as type 2 was "Standard 
Viscous Lubricant No. 3". 
The test set up for these experiments is shown in Pig. 
15. The data are tabulated in Table 5 and shown graphically 
in Fig. 16. Figure 16 shows that the agreement between im­
pulse computed from gage measurements and the momentum of the 
end piece was good for type 1 grease, but that a much greater 
effort was required to break a joint made with type 2 grease. 
The static tests showed good agreement between the cast-
in SR-4 gages and compressometer. if a smooth curve were 
drawn through the points recorded from the compressometer, and 
this curve were shifted so that it passed through the origin, 
the shifted curve would agree within 5 per cent with the curve 
obtained from the SR-4 gage. It was also observed that the 
compressometer data showed much more scatter than the SR-4 
gage data. It was concluded that the strains measured by the 
cast-in SR-4 gages were at least as accurate as those measured 
by the compressometer. 
Ose11 la tor  Osc i l loscope 
End Piece 
Suppor t  
Th in  wire 
Synchronizat ion F i  r ing 
4 . 
Stra in  Gages-
Plaster  Bar  
/ -Damp Sand 
Circui t  Power  
Supply  
-o 
-o 
No.6 Hercu les Cap 
Gap Var ies 
Meta l  End Piece 
/ / / / ^ / /  
Pig. 15. Test setup for impulse-momentum experiments 
Table 5. Data from Impulse-momentum experiments 
Internal External End Average Average 
Experi­ Bar Grease gage gage Average piece impulse Impulse 
ment No. typea impulse impulse impulse momentum momentum -momentum 
lb-sec lb-sec lb-sec lb-sec lb-sec 
I-M-2 3 2 0.0405 0.0399 0.0402 0.0111 3.62 0.0291 
I-M-3 3 1 0.0369 0.0369 0.0265 1.40 0.0104 
I-M-4 3 1 0.0812 0.0679 0.0746 0.0707 1.06 0.0039 
I-M-5 2 2 0.0266 0.0271 0.0268 0.0026, 10.35 0.0242 
I-M-6 2 2 0.0382 0.0441 0.0411 0.0274° 1.50 0.0137 
I-M-7 2 1 0.0273 0.0277 0.0275 0.0202, 1.36 0.0075 
I-M-8 3 1 0.1281 0.1156 0.1209 0.1181 1.03 0.0028 
I-M-9 4 1 0.0348 0.0348 0.0342 1.02 0.0006 
aType 1 Grease was "Grease, Automotive and. Artillery MIL-G-lO924(0RD)AM2". 
Type 2 Grease was "Standard Viscous Lubricant No. 3". 
k]2nd piece fractured. 
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Under conditions in which the strains were expected to be 
nearly uniform across the cross-section of a bar, the gages 
cast into the bar agree within 4 per cent with gages mounted 
on the surface. In cases where the strain pulse was too short 
for strain to be uniform across the cross-section, the.ratio 
of internal to external strain was in agreement with what was 
expected from theory. 
The impulse-momentum experiments showed that impulse 
computed from gage data was about 3 to 6 per cent higher than 
measured momentum of the end piece for high values of impulse. 
The difference between computed impulse and measured momentum 
was nearly constant for varying magnitudes of impulse. Chang­
ing the type of grease made a substantial difference in the 
loss of momentum. For a given increment of computed impulse 
an increment of measured momentum was observed that agreed 
quite well. Thus, it was concluded that unless the amount of 
momentum lost in breaking the joint varied in some fashion so 
as to just cancel the errors in the gages, the errors in 
strain measured by the gage cast into the bar were no greater 
than the 4 per cent variation observed between interior and 
exterior gages. 
The properties of plasters used in these experiments were 
similar to the properties of ice in a certain temperature 
range, if the properties of ice were in this range, it is 
believed that the gages would give accurate readings in ice. 
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Many types of thermosetting plastics have been made available, 
and it should be possible to coat gages using plastics of 
different stiffnesses and densities if desired. 
It should be noted, however, that the response of the 
gage was influenced by the properties of the material sur­
rounding it. Strains measured with gages of this type should 
be viewed with caution until the accuracy of the gages has 
been demonstrated in materials having a given range of proper­
ties. 
The highest strain rate observed in these tests was 65 
in. per in. per sec in experiment I-M-9. Peak strains in the 
strain pulses varied from 33 to 1442 microinches per in. 
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III. NON-INSTRUMENTED EXPERIMENTS 
A. Model Experiments 
If an explosion were to take place in a mass of existing 
material, the results might be predicted from an analytical 
solution of the dynamic elasticity problem, an empirical equa­
tion derived from a large number of observations, experience 
with the same type of explosion in the same type of material 
or from a model. 
At the time of this investigation the dynamic elasticity 
problem had been solved for only a few simple cases. In addi­
tion, there was evidence that the material close to the explo­
sion did not obey Hooke's law, and it was not certain that the 
classical fracture theories were applicable. It was thought 
that if experience with a certain type of explosive in a cer­
tain material was not available, and a suitable empirical 
equation was not available, a model might be a useful and 
economical means of predicting the results of a proposed 
blast. 
One purpose of the experiments described in this section 
was to determine whether fragmentation due to explosions could 
be predicted using model techniques on a small scale in the 
laboratory. Another purpose was to determine whether the list 
of variables usually considered in the literature was adequate. 
The selection of the variables that influence the quantity to be 
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predicted is the most important, and often the most difficult 
step in model design. 
Various investigators (3, 8, 9, 13, 21) have identified 
certain measurable quantities which their experiments showed 
to be important. It was decided that spherical specimens with 
spherical explosive charges at their centers would be used in 
this work. This investigation was begun by assuming a list of 
variables based on this spherical geometry and on the proper­
ties of the material and explosive suggested by the investiga­
tors cited above. 
Geometry: 
a = diameter of explosive charge = L 
b = diameter of the specimen = L 
= length of crack on the surface of the specimen = L 
Explosive : 
P = maximum pressure of explosive = PL-2 
v = detonation or burning velocity of explosive = LT-1 
ô = density of explosive = PT2!"^ 
Resistant Material: 
P = density of resistant material = PT2L~^ 
E = modulus of elasticity = PL-2 
G = modulus of rigidity = PL-2 
— P S.(. = ultimate tensile stress = PL~ 
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SQ = ultimate compressive stress = PL-2 
{3 = coefficient of internal friction (9) = 
It was thus assumed that there exists a function, f, such 
that = f (a,b,P,v,ô,P,E,G,St,S0,p). 
The list contains twelve variables which are expressed in 
terms of three independent dimensions. 
The Buckingham Pi theorem shows that these variables may 
be combined into nine dimensionless groups called Pi terms. 
^ r Is T? S+ Sz% n c E-M-2 b E st sc G ô 6V 0 
a P'T'S^'î'p* P 
The quantity was determined by measuring the perimeter 
of the external surface of the sphere contained on each frag­
ment, adding the perimeters together and dividing by two. It 
thus represented the length of crack on the external surface 
of the sphere. Fragments having a maximum dimension less than 
b/10 were arbitrarily excluded. 
In these experiments, the quantity Z/\> was taken as the 
measure of fragmentation. When two systems had the same value 
of Z/b this was called similar fragmentation. When two 
systems had the same value of b/a this was called similar 
geometry. The phrase "same resistant material" was used to 
indicate that the properties of the material had the same 
value in the various specimens considered. The phrase 11 same 
explosive" was used to indicate explosive from the same ship-
58 
ping container, ground in the same way and packed at the same 
density in the explosive charge. 
If two systems existed having different sizes but similar 
geometry and employing the same resistant material and explo­
sive, then the numerical value of each of the Pi terms con­
tained in F would be the same in both systems. If the list of 
variables was adequate, and if the value of each of the dimen-
sionless groups in F was the same for two systems; then the 
value of /E/b must have been the same for each of the systems. 
If experiments were made and the values of L/b for systems as 
described above were not equal, then some un-listed variable 
or variables must have influenced fragmentation. 
Eighteen sets of spherical specimens with centrally lo­
cated spherical explosive charges were made. All of the 
specimens were made of plaster or mixtures of plaster and 
sand. The ultimate tensile strength of the plaster mixtures 
varied from about 63 to 630 psi. Black powder and PETE were 
used as explosives. The black powder was a low pressure ex­
plosive, developing a peak pressure of about 40,000 psi at the 
loading density used. The PETE was a violent explosive devel­
oping about 1,200,000 psi peak pressure at the loading density 
used (5). 
Spherical specimens were made with diameters of 3.66 in., 
5.09 in., 7.20 in. and 10.20 in. Members of each set were 
poured from a single batch of plaster. In order that the 
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various sized specimens would have the same moisture content 
and density, the sets of specimens were either kept saturated 
until tested or oven dried to a constant weight. It was 
assumed that the properties of the plaster in various sized 
specimens made in this way would be the same. 
Briquets for determining tensile strength, cubes for 
determining compressive strength and 2.0-in. diameter by 18-
in. long cylinders for determining dynamic modulus of elas­
ticity were made with most sets of spheres. The test speci­
mens were stored with the spheres and tested immediately after 
the spheres were exploded. 
The data from these experiments are contained in Table 6. 
The most obvious result of these experiments was that the 
fragmentation of the various sized spheres was not similar. 
The spherical specimens were surrounded by padding mate­
rial and covered by a wooden box before exploding. Various 
amounts and arrangements of padding, both loose and moderately 
packed, were tried. Variation of the padding did not have an 
appreciable influence on fragmentation. Fragments from speci­
mens were dropped on concrete and wooden surfaces from various 
heights. Local indentations in the fragments always occurred 
at drop heights less than that required to fracture the speci­
mens. Local indentations almost never occurred when the 
specimens were exploded under the wooden box. it was con­
cluded that variations in fragmentation were not caused by 
Table 6. Fragmentation dataa 
Exper­
iment 
E 
106psi 
10"4g 
lb-sec^ 
in. ^ 
st 
psi 
sc 
psi 
P 
106psi 
b 
in. 
b/a Sc 
St 
St 
E 
10-6 
N 
M-l 1.23 1.56 226 1785 0.04 5.09 
7.20 
10.20 
14.4 
14.4 
14.4 
5.58 
4.78 
4.97 
7.90 185 3 
3 
4 
M-2 1.17 1.51 206 1540 0.04 5.09 
7.20 
10.20 
14.4 
14.4 
14.4 
i:Î4 
3.14 
7.47 176 2 
2 
2 
M-3 0.988 1.72 64.0 478 0.04 5.09 
7.20 
10.20 
14.4 
14.4 
14.4 
10.6 
12.7 
13.9 
7.48 65.3 15 
20 
23 
M-4 0.903 1.68 61.5 388 0.04 5.0 9 
7-20 
10.20 
14.4 
14.4 
14.4 
10.3 
10.3 
1,5.1 
6.32 68.2 11 
14 
20 
aE = modulus of elasticity 
P = density 
St = tensile strength 
Sc = compressive strength 
P = maximum pressure of explosive 
b = specimen diameter 
a = explosive charge diameter 
t - length of crack on surface of specimen 
N = number of fragments larger than 0.1 b 
Table 6 (Continued). 
B P j, St S. 
Exper- , 10"4 
iment 10°psi lb-sec^ psi psi 
in/ 
M-5 0.955 1.65 68.5 516 
M-6 0.955 1.65 68.5 516 
M-7 0.980 1.65 67.6 490 
M-8 0.985 1.64 70.7 477 
M-9 1.36 1.61 242 1993 
M-10 1.10 1.44 222 1562 
P b n SG St 
c Va "Vb s"~ IT N 10"psi in. bt B 
10"6 
0 .04 5.09 
7.20 
10.20 
10.2 
10.2 
10.2 
15.7 
14.4 
21.1 
7-54 71. 8 
34 
46 
0 .04 5-09 
7.20 
10.20 
10.2 
10.2 
10.2 
15.0 
19.5 
18.5 
7.54 71. 8 
45 
47 
0 .04 3.66 
5.09 
7.20 
10.20 
10.3 
7.2 
7.2 
20.4 
9.45 
25-2 
37.1 
0.0 
7.24 69. 1 15 
76 
177 
0 .04 3.66 
5.09 
7.20 
10.20 
10.3 
7-2 
7.2 
20.4 
12.9 
33.4 
30.3 
0.0 
6.74 71. 8 26 
122 
116 
0, .04 3.66 
5.09 
7.20 
10.20 
10.3 
10.2 
10.2 
10.2 
7.00 
5.81 
9.4o 
13.2 
8.25 178 10 
6 
13 
25 
0, ,04 3.66 
5.09 
7-20 
10.20 
10.3 
10.2 
10.2 
10.2 
6.20 
5.70 
9.32 
13.8 
7.04 202 5 
5 
11 
26 
Table 6 (Continued). 
Exper- , 10 o 
iment 10bpsi lb-sec^ psi psi 
in.4 
M-11 0.982 1.66 65.7 473 
M-12 1.02 1.65 72.3 485 
M-13 0.935 1.18 262 
M-14 1.26 1.29 375 
M-15 1.92 1.47 600 
M-16 1.92 1.47 712 
106psi 
b 
in. 
b/s JL/ b 
N 
E 
10 -6 
0. ,04 3.66 10.3 17.1 7.20 67.8 43 
5.09 10.2 18.8 49 
7.20 10.2 15.9 38 
10.20 10.2 22.0 54 
0. ,04 3.66 10.3 10.1 6.71 70.7 17 
5.0 9 10.2 18.6 44 
7.20 10.2 15.2 36 
10.20 10.2 22.3 62 
0. 04 3.66 10.3 8.11 280 11 
5.09 10.2 11.1 15 
7.20 10.2 16.6 33 
10.20 10.2 19.8 45 
0. 04 5.09 10.2 7.30 298 7 
7.20 10.2 6.00 5 
10.20 10.2 8.90 14 
1. 20 5.09 12.8 33.5 312 131 
7.20 12.8 37.0 160 
10.20 12.8 41.3 193 
1. 20 5.09 12.8 34.0 370 136 
7.20 12.8 37.0 161 
10.20 12.8 41.0 190 
Table 6 (Continued). 
Exper­
iment 
E 
106psi 
p 
ID"4 
lb-sec 
in.4 
St 
psi 
sc 
psi 
P 
106psi 
b 
in. 
b/a l/b 
Sc 
St 
St 
3, 
10 ~6 
N 
M-17 1.92 1.46 609 1.20 5.09 
10.20 
12.8 
12.8 
35.5 
42.0 
317 147 
197 
M-18 1.98 1.47 594 1.20 5.09 
7.20 
10.20 
12.8 
12.8 
12.8 
38.0 
44.0 
42.2 
300 170 
214 
199 
H-l 2.18 1.74 371 4150 0.04 3.66 
5.09 
7.20 
10.2 
3.7 
5.1 
7-2 
10.2 
13.3 
15.1 
11.1 
13.8 
11.2 170 34 
34 
18 
22 
H-2 2.17 1.71 384 3820 0.04 3.66 
5.09 
7.20 
10.2 
3.7 
5.1 
7.2 
10.2 
17.4 
15.5 
10.5 
15.5 
9.94 177 42 
32 
17 
32 
S-3 1.22 1.24 380 2300 0.04 10.2 10.2 7.90 6.05 311 
S-4 0.947 1.21 473 2990; 0.04 10.2 10.2 12.2 6.30 500 
8-5 2.83 1.64 896 8720 0.04 10.2 10.2 11.4 9-73 316 
3-6 0.770 0.97 307 1628 0.04 10.2 10.2 7.30 5.30 399 
5-7 2.70 1.89 256 3060 0.04 10.2 10.2 19.2 12.0 95.0 
8-8 1.07 1.70 73.0 525 0.04 10.2 10.2 26.20 7.20 68.2 
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different boundary conditions on different sized specimens. 
Figure 17 shows variation in fragmentation for typical 
sets of model specimens. 
Since the sets of specimens having different sizes but 
similar geometry and employing the same explosive and resist­
ant material did not have similar fragmentation, it was con­
cluded that the assumed list of variables was not adequate. 
An additional variable or group of variables important in in­
fluencing fragmentation must exist. 
It was then assumed that an additional variable existed 
which was a property of the resistant material or a property 
of the explosive. It was further assumed that this variable 
could be multiplied by appropriate properties of material in 
the list first assumed, to form a quantity with the dimension 
of length. This unknown quantity having the dimensions of 
length was called j; . Since the nature of i was not known, 
it could not be evaluated numerically. It was assumed that 
the value of Ç was the same for each specimen in a given set 
of models cast from the same batch. 
Addition of a variable to the list first assumed required 
that an additional Pi term be added. The Pi term added was 
b/ç . Then 
The sets of model specimens were thus considered as dis-
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Fig. 17. Typical plots of JL /b vs. b 
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torted models (18) rather than true models. 
A distortion factor, a, was defined as a = ,where 
m/Çm 
b is the diameter- of the prototype specimen, bm is the diame­
ter of the model specimen, % refers to the prototype specimen 
and ^ m refers to the model specimen. If the same material, 
the same explosive and similar geometry were used in the model 
and prototype 
a 
^c S cm 
l - ï  
G Gm 
st _ stm 
P P. 
à p 
m 
121 ) 
m 
5V _ 6mvm 
P 
" 
Pm 
P = P 
m 
? = ? 
m 
= a IS 
m 
Since the values of all of the Pi terms contained in 0 
were not equal, it was necessary to define a prediction factor 
r = _ /b 
L n/^m 
d fb E st Sc G 5 ôv2 b 
i/b 0Lâ' P P"' V P' P> — 
J "" 7I/ËI - " m' m 
0 
m Bm tm cm m 
"t. Pm Pm 
fm Vm . ^  
Stm' V V P* ' S* 
Since b/a = bm/am etc. 
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b E st sc G ô ôv^ o b 
à' p F' p p> P ' p' f". 
? !- ^ §' *• f' »• 
It may be seen that is, in general, a function of a 
and all of the Pi terms in 0. For a group of specimens 
employing similar geometry, the same explosive and the same 
resistant material, but having different sizes, the values of 
b/a, E/P, S-fc/P, , etc. were constant and J could be con­
sidered a function only of a and b. J = g(a, b). 
The model experiments were conducted so that j* could be 
plotted against a for various values of b. For groups of 
specimens employing similar geometry the same explosive and 
the same resistant material it was found that y did not 
depend on b. Values of a and J for groups of specimens are 
shown in Table 7. It was found that within each group an 
equation of the form "j* = a11 fitted the data. Typical plots 
of y vs. a are shown in Fig. 18 and Fig. 19. The results of 
the distorted model analysis are shown in Table 8. Values of 
n were computed by least squares. 
The value of n was different for groups of specimens 
employing different materials and explosives. It was found 
that the value of n varied with the value of S^/P. The values 
of n and S^/P given in Table 8 are plotted in Fig. 20. 
It was concluded that at least one variable which had not 
Table 7. Data for distorted model analysis3. 
Specimens 
included 
in group" 
b/a 
Diameter 
of 
specimen 
taken as 
mo del 
in. 
Average 
yg/b 
3.66 in. 
Diameter 
prototype 
5.09 in. 
Diameter 
prototype 
a 1 
7.20 in. 
Diameter 
prototype 
a S 
10.2 in. 
Diameter 
prototype 
a T 
M-5 
M-6 
M-7-3.6 
M-8-3.6 
M-ll 
M-12 
M-3 
M-4 
10.2 
10.2 
10.2 
10.3 
10.2 
10.2 
10.2 
3.66 11.2 1. 00 1.00 1.39 1.37 1.97 1.52 2.79 1.77 
5.09 15.4 0. 72 0.73 1.00 1.00 1.4l 1.11 2.00 1.29 
7.20 17.0 0. 51 0.66 0.71 0.91 1.00 1.00 1.42 1.17 
10.20 19.8 0. 36 0.56 0.50 0.78 0.71 0.86 1.00 1.00 
3.66 13.6 1. 00 1.00 1.39 1.38 1.97 1.14 2.79 1.63 
5.09 18.7 0. 72 0.73 1.00 1.00 1.4l 0.83 2.00 1.18 
7.20 15.6 0. 51 0.88 0.71 1.20 1.00 1.00 1.42 1.42 
10.20 22.2 0. 36 0.61 0.50 0.83 0.71 0.70 1.00 1.00 
5.09 10.4 1.00 1.00 1.41 1.10 2.00 1.29 
7.20 11.5 0.71 0.91 1.00 1.00 1.42 1.17 
10.20 13.5 0.50 0.77 0.71 0.85 1.00 1.00 
etc. 
ab = specimen diameter 
a = explosive charge diameter 
a = distortion factor 
f = prediction factor 
Jt = length of crack on surface of specimen 
bM-5 indicates all specimens cast in set M-5 
M-7-3.6 indicates the specimen from set M-7 with a nominal diameter of 3.6 in. 
Table 7 (Continued). 
Diameter 3.66 in. 5.09 in. 7.20 in. 10.2 in. 
Specimens of Average Diameter Diameter Diameter Diameter 
Included b/a specimen y£/b prototype prototype prototype prototype 
in groupb taken as 
model a a J a j7 a 7 
in. 
M-7-5 
M-7-7 
M-8-5 
M-8-7. 
M-9 
M-10 
M-13J 
M-151 
M-16 I 
M-17 f 
M-18 J 
f: 
10.2 
10.2 
f 10.3 
) 10.2 
) 10.2 
V. 10.2 
r 
12.8 
12.8 
L12.8. 
5 . 0 9  29-3 1.00 1.00 1.4l 1.15 
7.20 33.8 0.71 0.87 1.00 1.00 
3.66 6.60 1. 00 1. 00 1.39 0.87 1.97 1.42 2.79 
5.09 5.76 0. 72 1. 15 1.00 1.00 1.41 1.63 2.00 
7.20 9.36 0. 51 0. 70 0 . 7 1  0.62 1.00 1.00 1.42 
10.20 13.5 0. 36 0. 51 0.50 0 .43 0.71 0.69 1.00 
3.66 8.11 1. 0 0  1. 00 1.39 1.37 1.97 2.06 2.79 
5.09 ll.l 0. 72 0. 73 1.00 1.00 1.41 1.49 2.00 
7.20 16.6 0. 51 0. 49 0.71 0.67 1.00 1.00 1.42 
10.20 19.8 0. 36 0. 40 0.50 0.56 0.71 0.84 1.00 
5.09 35.2 1.00 1.00 1.4i 1.12 2.00 
7.20 39.3 0.71 0.90 1.00 1.00 1.42 
10.20 41.6 0.50 0.85 0.71 0.95 1.00 
2.05 
2.34 
1.44 
1.00 
2.45 
1.77 
1.19 
1.00 
1.18 
1.06 
1.00 
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Table 8. Results of distorted model analysis3 
Specimens 
included 
in group" 
Number of 
specimens 
in group 
Material 
Test 
condition 
Average 
psj 10 
8t/P 
-4 
b/£ n 
M-5, M-6 
M-7-3.6 
M—8—3•6 
M-11 
M-12 
M-3 
M-4 
M-7-5, M-8-5 
M-7-7 
M-8-7 
8 
8 
molding 
plaster 
with sand 
molding 
plaster 
with sand 
molding 
plaster 
with sand 
molding 
plaster 
with sand 
24 hrs 
wet 
24 hrs 
wet 
24 hrs 
wet 
24 hrs 
wet 
68.8  
69.0 
6 2 . 8  
69. 
17.2 
17.2 
15.7 
17.3 
10.2 0.53 
10.2 0.36 
14.4 0.37 
7.2 0.41 
aSt = ultimate tensile strength from briquets 
P = maximum pressure of explosive 
b/a = specimen diameter/explosive charge diameter 
For definition of n, see page 67. 
bM-5 indicates all specimens cast in set M-5 
M-7-3.6 indicates the specimen from set M-7 with a nominal diameter of 
3.6 in., etc. 
Table 8 (Continued). 
Specimens 
included 
in group 
Number of 
specimens 
in group 
Material 
Test 
condition 
Average S^/P 
b/a n 
M-9 
M-10 
M-13 
8 
4 
Hydrocal 
B-ll 
Hydrocal 
B-ll 
24 hrs 
wet 
10 days 
oven dry 
232 
262 
58.0 10.2 O.77 
65 .5  10 .2  0 .90  
M-15, M-16 
M-17» M-13 12 
Hydrostone 10 days 
oven dry 629 5.25 12.8 0.24 
10-
n 
0.1- J I I I L 
0.0001 
Pig. 
o 
©o 
n = 11.4 St 
0.517 
I I I 
0.001 0.(31 
I P  
n vs. St/P 
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previously been identified influenced fragmentation in these 
experiments. Assumption of the existence of an unidentified 
variable which was a property of the explosive or the resist­
ant material and use of the concept of the distorted model 
provided a satisfactory means of analyzing the data. It must 
be noted however, that the relation = an is only a relation 
that fits the data collected. When more extensive data with 
less scatter are available, some other relation may be found 
to fit the data better. 
It is felt that the distorted model concept will provide 
a useful means of predicting the results of a large blast in 
the field. Several models would be made at the site of the 
proposed blast. From the results of the model tests a graph 
of ~f vs. a could be drawn. The value of a would be computed 
for the largest of the models and the proposed prototype. The 
value of would then be read from the curve and the results 
of the proposed prototype blast predicted. 
B. Other Results from Eon-Instrumented Experiments 
In experiments employing black powder as the explosive 
the specimens almost always fractured on planes passing 
through the center of the spherical specimen. Typical frag­
ments are shown in Fig. 21 (a). The fragments were examined 
carefully for incomplete cracks. Two types of incomplete 
cracks were observed. One type of crack extended from the 
Pig. 21. Photographs of fragments from experiments 
using black powder explosive charges 
77 
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inner end of the fragment toward the outer surface. Another 
type of crack extended from the outer surface of the fragment 
toward the inner end. It appeared that one group of cracks 
started at or near the outer surface of the sphere and propa­
gated inward (Pig. 21 (b)). The other group of cracks started 
at or near the explosion and propagated outward (Fig. 21 (c)). 
In experiments employing PETH as the explosive, the 
spherical specimens fractured on planes passing through the 
center of the sphere and also on spherically concentric sur­
faces. Figure 22 shows typical fragments from experiments 
employing PETH. In addition to incomplete cracks of the type 
observed in experiments employing black powder, some incom­
plete cracks on spherically concentric surfaces were observed. 
The group of specimens consisting of all 10.2-in. diame­
ter spheres employing 1.00-in. diameter black powder explosive 
charges was analyzed to find some of the parameters that were 
important in influencing fragmentation. The data used in this 
analysis are contained in Table 6. 
Hino (13) suggested that the ratio of compressive 
strength to tensile strength is an important parameter. In 
Fig. 23, >£/b has been plotted against Sc/S^.. It appeared 
that Sc/S.j. was not an important parameter in these experiments. 
In Fig. 24, ,£/b has been plotted against S^/E. It appeared 
that S-fc/E was an important parameter. 
The data in Table 6 were also analyzed in an attempt to 
Fig. 22. Photographs of fragments from experiments 
using PETN explosive charges 
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discover the way in which geometry influenced fragmentation. 
Figure 25 shows variation in fragmentation, with variation of 
geometry for the strongest and weakest materials used. If it 
were possible to make a simplification of the form 
" [ 
plots of Z /  b vs. b/a with F g constant for each plot would be 
the same shape of curve but displaced vertically on a loga­
rithmic graph. It was thus concluded that a simplification 
of this form was not possible for the range of variables in 
the investigation. It was found that J[ /b correlated well 
with the total number of fragments larger than b/10. The 
total number of fragments larger than b/lO was called N. All 
values of N and Z/b given in Table 6 are plotted in Fig. 26. 
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IV. INSTRUMENTE]) EXPERIMENTS 
The experiments discussed in this section were explora­
tory in nature. They were conducted to test the techniques 
described in Section II and to find the approximate magnitudes 
of strains and time durations so that detailed experiments 
could be planned. It is felt, however, that the limited data 
presented have provided a number of interesting indications. 
Figure 27 shows the strain records from experiments S-20 
and S-21. These data are included to show the excellent re­
production that was obtained when a uniform explosive was 
used. Specimens S-20 and S-21 were made of Hydrostone with a 
water to plaster ratio of 0.33 by weight. The strains were 
generated by duPont type 424 Pyrocore and measured by SR-4 
type A-8 strain gages. The difference in arrival times of the 
pulses at the gage nearest the explosion was due to variations 
in the synchronization circuit, propagation velocities of 
108,000 in. per sec for S-20 and 118,000 in. per sec for S-21 
were obtained from the strain records. A propagation velocity 
of 120,000 in. per sec was calculated from measurements of 
modulus of elasticity and density. 
Figure 28 is a diagram of the specimen used in experiment 
3-4. The objective of this experiment was to measure the time 
required to fracture a dry plaster bar. A strip of silver 
paint was painted on the part of the bar where fractures were 
S-21 ,  €p  at r  = 3.75 in.  
S-20j €r at r = 3.79 i n. 
S-20 .  €„  at  r  = 1.10 in.  
60 70 80 90 100 _110 120 130 
Time f rom Start  of  Record ,  (10 sec) 
Pig. 27. Strain records from S-20 and S-21 
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Fig. 28. Specimen B-4 
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expected. The time of breaking the strip of silver paint and 
the strains from the strain gage were recorded. Figure 29 
shows the calculated strain history at the first completed 
fracture, based on the assumptions that strains propagated 
according to the simple elastic theory for bars and that the 
fracture was instantaneous. It is thought that the fracture 
actually took some time to form and that the true strains were 
therefore different from the calculated strains. The results 
indicate, however, that fracture did not occur instantly at 
the static ultimate strain and that a high level of strain 
existed for an appreciable time before the fracture was com­
pleted. 
Experiment B-5 closely duplicated the results of experi­
ment B-4. In experiment B-7 the incident strain pulse had an 
intensity of about 700 microinches per in. which was about 
twice the static ultimate strain of the plaster. One fracture 
was formed, but it was not completed during the first reflec­
tion of the strain pulse. 
Experiments B-l, B-2 and B-6 were similar to B-4 and B-5 
except that the bars were not allowed to lose any of their 
moisture. Fracture times were measured by recording the 
resistance through the fracture zone of the bar. Strain 
pulses with intensities in the order of 100 microinches per 
in. propagated without significant change in intensity or 
shape. For strain pulses with Intensities of about 800 micro-
Fracture 
Completed 
c 
Static Ultimate 
Tensi le Strain c 
- 2  
100 130 120 60 80 40 20 0 
Fig. 29. Calculated strain history at first fracture for specimen B-4 
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inches per in. the intensity decreased by one half and dura­
tion doubled after passing through 30 in. of plaster bar. 
Strain pulses with an intensity of about 2200 microinches per 
in. produced considerable evidence of plastic action. Much 
more time was required to complete a fracture in wet plaster 
than in dry plaster. 
Figure 30 shows the strain records obtained from experi­
ment S-25. Specimen S-25 was a 10.2-in. diameter sphere made 
from Hydrostone with a water to plaster ratio of 0.30 and was 
tested saturated. The explosive charge was 10 mm in diameter 
and contained 0.47 g of PSTN. The strain gages were SR-4 type 
A-8. The specimen fractured in two pieces. The explosion 
produced a spherical cavity of 1.0 in. diameter in place of 
the 10-mm diameter cavity originally occupied by the explo­
sive. The strain record from this experiment showed consider­
able plastic flow at the inner gage. According to the analyt­
ical solution for spherical wave propagation the radial strain 
intensities should be approximately in inverse proportion to 
the distance from the center of the sphere. When the peak 
strain at the outer gage was compared to the elastic part of 
the strain recorded by the inner gage, the ratio was in good 
agreement with the prediction from elastic theory. 
The data presented in Section III show that in the model 
systems the fragmentation increased as the size of the system 
increased. The difference in fragmentation could have been 
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caused by differences in pressures produced by different sized 
explosive charges, differences in the transmission of strains 
in different sized systems, or dependence of fragmentation on 
duration of straining. 
Strain records were obtained from sets of model specimens 
designated M-16, M-l? and M-18. Each of these sets consisted 
of three spheres with diameters of 5.09 in., 7.2 in. and 10.2 
in. The specimens within a set were poured from the same 
batch of plaster. All specimens were made of Hydrostone with 
a water to plaster ratio of 0.353 by weight and were oven 
dried at 60 0. Explosive charges and strain gages were tied 
in the forms and plaster poured around them. Charges were 
made by loading PETN in glass bulbs as described in Section 
II. The strain gages used were SR-4 type A-8 coated with Acme 
4027 resin and silver paint. The circuit shown in Fig. 6 was 
used to synchronize the recording equipment with the explosion. 
A length of duPont type A-l mild detonating fuse was detonated 
by the Hercules No. 6 cap shown in Fig. 6 and in turn deto­
nated the PETN charge. Data from these experiments are given 
in Table 9. Strain records are shown in Fig. 31 and Fig. 32. 
The strains recorded were radial strains at a point 
approximately half way between the center and the outside sur­
face of the sphere. 
The number of fragments that did not show shell frac­
tures, i.e. fractures on a spherical surface concentric about 
Table 9. Data from instrumented model experiments 
Specimen Charge Weight Distance Number Shell Rise Peak 
Specimen diameter diameter PETN center J[/h fragments thickness time strain 
in. mm in of sphere without in. 
charge to gage shell 10 . 
g in. fracture sec m ./in. 
M-16-5 5.09 10.0 0.46 1.27 34.0 38 5/8 to 1 1/8 22.1 8980 
M-17-5 5.09 10.0 0.50 1.27 35.5 47 5/8 to 7/8 23.6 8470 
M-18-5 5.09 10.0 0.45 1.27 38.0 ' 43 3/4 to 1 26.6 9800 
M-18-7 7.20 14.1 1.31 
\ 
1.80 44.0 29 3/4 to 1 1/4 35.6 7870 
lit-17-10 10.2 20.0 4.09 2.50 42.0 8 1 1/8 to 1 3/4 53.0 6180 
M-18-10 10.2 20.0 3.66 2.50 42.2 22 1 1/8 to 1 7/8 38.0 2872 
M-18-5 M-16-5 
M-17-5 
180 
Time }  (  10 sec) 
Pig. 31. Strain records from M-16-5, M-17-5 and M-18-5 
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the origin, decreased as the size of specimen increased. 
Although the percentage of surface showing shell fracture was 
not computed, it was evident that the percentage of fracture 
on a spherical surface concentric about the origin increased 
as specimen size increased. In all specimens this shell frac­
ture occurred between the strain gage and the outer surface of 
the sphere. 
An examination of the data in Pig. 31, Fig. 32 and Table 
9 thus shows that the percentage of shell fracture, J[ /b and 
the duration of high intensity strains all increased as the 
size of specimen increased. There was a significant decrease 
in peak strain Intensity as the size of specimen increased. 
It is recognized that more data are needed before the 
phenomenon of fracture by explosions is understood. It is 
felt however, that these data present a very strong indication 
that fragmentation depends, on duration of straining as well 
as intensity of straining. 
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V. CONCLUSIONS AND RECOMMENDATIONS 
Techniques have been developed that make it possible to 
study the fracture of plaster by explosions in the laboratory. 
Experiments to determine strains in the interior of specimens 
during the fracture process can be made on a smaller scale and 
at lower cost than had previously been possible. These tech­
niques are adaptable to the study of fracture of other mate­
rials such as concrete and ice without significant modifica­
tion. The strain gages might also be of considerable value 
for other purposes such as studying shearing strains in con­
crete beams. 
The explosive charges developed were adequate for the 
experiments performed but further development is needed. 
Strain measurements from instrumented model experiments indi­
cated that the larger PETN charges produced lower peak pres­
sures than the smaller charges. The variation in peak 
pressures was probably due to packing the explosive, to a 
slightly higher density in smaller charges. The same trend 
in densities existed in the black powder charges and therefore 
the same trend in pressures probably existed. The tendency of 
the larger explosive charges to produce lower peak pressures 
supported rather than detracted from the principal conclusions 
of this investigation. It is recommended, however, that more 
work be done on development of small explosive charges. 
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Charges pressed from PETN or tetryl might be more uniform than 
the ones used in this investigation. If prediction of frac­
ture by explosions is to be made from models the characteris­
tics of small explosive charges must be thoroughly studied. 
The method of synchronization developed made it possible 
to start the strain record before arrival of the strain pulse 
so that the base line and leading edge of the pulse were 
clearly visible. Strains could be measured at any distance 
from an explosion where the gage was not destroyed by the ex­
plosion. Accuracy of the strain measuring techniques was 
demonstrated for strain rates up to 65 in. per in. per sec, 
strain intensities up to 1400 microlnches per in. and pulse 
durations as short as 40 microseconds. The maximum strains 
and strain rates that can be measured have not been estab­
lished. It is recommended that the performance of the strain 
gages be investigated further and the limits of their useful­
ness determined. 
Model experiments were performed which involved two ex= 
plosives with widely varying characteristics and three mate­
rials whose tensile strengths varied by a factor of ten. The 
results of the model experiments did not agree with the pre­
dictions of similitude based on the list of variables consid­
ered by other investigators. It was therefore concluded that 
some other variable or group of variables influenced frag­
mentation. 
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It was assumed that there was some other variable which 
could be multiplied by appropriate variables to form a quan­
tity with the dimensions of length. Following this assumption 
an additional Pi term was formed which resulted in a design 
condition that had not been satisfied. The concept of the 
distorted model provided a satisfactory method of analyzing 
the data. Within the limits of the experiments conducted, the 
use of a new variable with the dimension of length permitted 
predictions to be made which agreed with test results. 
It is recommended that experiments of this type be per­
formed with other materials, geometries and explosive charge 
sizes to determine whether the same additional variable 
applies equally well to other situations. It is felt that 
this is a very promising method for predicting size and shape 
of craters. A series of model blasts at the site of a pro­
posed large blast could be made. From the results of several 
models, a curve of prediction factor versus distortion factor 
could be drawn and the results of a larger blast predicted. 
Instrumented experiments with plaster bars showed that 
fracture did not occur instantly at a strain near the static 
fracture strain as had been supposed by some investigators. 
It appeared that considerable plastic flow occurred near the 
explosion. In instrumented model experiments, there was a 
decrease in strain intensity and an increase in fragmentation 
as specimen size increased. It is believed that this increase 
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in area fractured is due to the increased duration of high 
level strains in the larger specimens. 
It has been concluded that an additional variable exists 
which is a property of plaster and is related in some way to 
the time required for a fracture to form, it may be postu­
lated that when a body is subjected to intense strains, cracks 
start at certain points in the body and propagate at a finite 
velocity until they grow together and complete the fracture. 
If this is true, then the average distance between points 
where cracks start is an important variable with the dimension 
of length, and the amount of surface fractured depends on the 
duration of straining. 
The data obtained in this investigation do not preclude 
the existence of more than one unidentified variable or the 
possibility that some mechanism other than that proposed above 
exists. 
It is thought that fracture of materials by explosions 
cannot be understood until the nature of the additional vari­
able or variables involved is determined. Experiments to de­
termine the nature and magnitude of this variable must involve 
observation of the way in which intense strain pulses propa­
gate and measurement of the time required to complete a frac­
ture at various levels of strain. 
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